Introduction
============

Adolescence represents a period of decision making that involves increased risk taking. Risk taking is defined as engaging in behaviors that may be high in subjective desirability (i.e., associated with high perceived reward) but which expose the individual to potential injury or loss (Geier and Luna, [@B20]). Examples of adolescent risk-taking include initiating use of alcohol and other addictive drugs (resulting in addiction) or engaging in unprotected sex (resulting in teenage pregnancies). The known increases in adolescent risk behaviors are observed across cultures (Spear, [@B45]) and associated with less mature prefrontal inhibitory control circuits (Ernst et al., [@B17]). Adolescent risk taking is a major public health concern whose negative results can lead to impaired maternal--infant interactions due to addictions and/or teen parenting. However, some risk taking may be normative, in that it allows for exploration of adult roles and for development of relevant coping skills (Siegel and Shaughnessy, [@B44]; Spear, [@B45]; Dahl, [@B10]; Kelley et al., [@B26]; Geier and Luna, [@B20]). Consequently, the neurobiological study of adolescent decision and reward processing using functional magnetic resonance imaging (fMRI) is timely.

Brain imaging studies have demonstrated that adolescents exhibit less activation in executive brain regions during decision making in gambling tasks than adults, which suggests an immaturity of these regions during adolescence (Eshel et al., [@B18]; Ernst and Mueller, [@B15]). In this investigation, we examined the neurodevelopmental maturity of adolescents using a novel task designed to challenge the dorsal lateral prefrontal executive control and ventral medial prefrontal reward circuits (Huettel, [@B23]). This Decision--Reward Uncertainty task separates decisions into behavioral risk and reward risk (Huettel, [@B23]). The Decision--Reward Uncertainty Task represents an innovative approach to understanding decision making and reward. While most decision-making tasks used in addiction research combine decision making, response, and reward evaluation in time, the Decision--Reward Uncertainty Task was designed to examine decision making and reward circuits separately in one task (see Figure [1](#F1){ref-type="fig"}). Decision-making circuits involve a set of brain structures: prefrontal cortex; dorsolateral prefrontal cortex; parietal cortex; insular cortex; and anterior and posterior cingulate (Paulus et al., [@B38]; Huettel, [@B23]). Reward circuits involve a set of brain structures that receive dopaminergic input from the midbrain and include the ventral striatum (Vstr; which includes the nucleus accumbens), and ventromedial prefrontal cortex (Schott et al., [@B41]).

![**(A)** Geometric shape cues, button press response(s), and probabilities of reward for each risk condition. No risk cues (left button press on right hand for a star, or right button press on right hand for a square) signaled that the known behavioral response would be rewarded with 100% certainty. Reward risk cues (right button press for a trapezoid, or left button press for a circle) signaled that the known behavioral response would be rewarded with 50% probability. However, the behavioral risk cue (a triangle) signaled that the behavioral response was unknown; on each trial, either one of the two possible responses would be guaranteed a reward ("\$ or \$\$ (not shown))" while the other would not. **(B)** Sequence of events used in each trial of the reward uncertainty task. A shape cue marked the start of each trial. After a fixed interval, a response prompt was presented. Participants were asked to press one of two buttons using their right hand as soon as the prompt appeared to make their choice. The outcome of each trial was determined by both (a) a correct right or left button response and (b) a probabilistically determined reward. Thus, each trial began with a shape cue for 250 ms in the center of the screen that indicated the trial type. After a 3-s delay, participants were prompted (i.e., "?") for 1 s to indicate their choice with a left or right button press with the second or third finger on the right hand. After a jittered delay (1, 3, 5, or 7 s) where the fixation cross was presented, the trial outcome (reward: "\$" for no and reward risk, reward: "\$\$"(not shown here) for behavioral risk, or no reward: "×") was presented for 1 s, and an updated tally of cumulative earnings was displayed in the lower portion of the screen. A fixation cross was displayed in the center of the screen during a jittered inter-trial interval (2, 4, 6, or 8 s). Participants completed 150 trials on average, split evenly among six 6-min runs. Optimal performance could yield up to an additional \$25 (e.g., \$0.15 per correct response; for one dollar sign; \$0.30 for two dollar signs).](fpsyt-02-00068-g001){#F1}

The Decision--Reward Uncertainty task is an advance because most previous research failed to differentiate decisions into risk types (i.e., reward risk versus behavioral risk) and reward response (Bolla et al., [@B6]; Huettel et al., [@B24]; Verdejo-Garcia et al., [@B46]) Thus, in most studies, decision making (also called response selection) was contingent in time upon reward and not separated from reward delivery (Xiangrui et al., [@B48]). Reward risk is defined as certainty about behavior but uncertainty about possible outcomes (i.e., reward presence). In other words, one knows what actions to take for a reward but the probability of reward is not certain. Reward risk activates reward circuits in the ventromedial prefrontal cortex, striatum, and other subcortical components of reward networks (Huettel, [@B23]). Behavioral risk is defined as uncertainty about which decisions and actions should be taken to earn a reward or achieve a desired goal. Under these conditions, one does not know what actions to take for a reward. The Decision--Reward Uncertainty Task examines three types of risk: reward risk, behavioral risk, and no risk. In reward risk trials, the action required to earn a reward is known, but the outcome of each trial is probabilistic. In behavioral risk trials, there is limited knowledge about which action to take (i.e., button to press), and the participant chooses between two possible button presses, one of which randomly determines a reward on that trial. The only difference between these conditions is whether a subject knows the correct action (reward risk) or not (behavioral risk). In other words, in reward risk, the decision and action to take are certain and in behavioral risk, the decision and action to take are uncertain. The Decision--Reward Uncertainty Task includes a no risk or certainty condition as a control, where the action required to earn a reward is known and reward is certain.

While undergoing the Decision--Reward Uncertainty Task during the behavioral risk condition, healthy young adults activated executive-control circuits including the prefrontal, parietal, and insular regions, within which no effect of reward risk was observed (Huettel, [@B23]), Reward delivery, in comparison to no reward, evoked increased activity in the ventromedial prefrontal cortex and the Vstr which includes the nucleus accumbens (Huettel, [@B23]). In healthy young adults undergoing this task, reward risk activated nucleus accumbens and ventromedial prefrontal cortex suggesting that distinct brain systems are recruited for the resolution of these different forms of risk (Huettel, [@B23]).

However, the Decision--Reward Uncertainty Task results were derived from samples of young-adult participants, and it is not clear whether they generalize to adolescence, when the prefrontal cortex is actively undergoing maturational changes. Indeed, the dorsolateral prefrontal cortex completes its pruning of gray matter only toward the end of adolescence (Gogtay et al., [@B21]). Consequently, conclusions about decision processes derived from adult samples may not generalize well to adolescents. Given the differences in behavior and levels of brain maturation in adolescents and adults, an important question for current research is whether these differences are evident in both behavioral and reward risk, and their brain circuitry regions of interest. To date, previous studies have not investigated how different types of risk are represented in adolescent executive and reward networks. This is a potentially important distinction, because it may have social and policy implications. We hypothesize that in adolescents, behavioral risk will activate executive-control circuits their associated functional regions of interests while reward risk will activate reward circuits and their associated functional regions of interest as suggested in the Huettel ([@B23]) study. However, in this study, we wished to examine in adolescents the neural correlates of decision making with respect to reward and behavioral risks. Furthermore, we predict an association with executive control and reward circuits regions of interest and age.

Materials and Methods
=====================

Participants
------------

Thirty-one healthy adolescents (mean age and SD: 15.5 ± 1.5 years; age range: 12.3--17.7 years; 21 females, 10 males) participated in a detailed clinical research assessment, and then engaged in the Decision--Reward Uncertainty Task while undergoing fMRI on another day. There were no gender or age differences (mean age females 15.5 ± 1.6, mean age males 15.6 ± 1.2 years: *F* = 0.01, df = 21, *p* = 0.94) in the control group. Healthy adolescent participants were recruited from the community by IRB approved advertisements. Adolescents provided written assent and legal guardians provided written informed consent before participation. Male and females did not differ in handedness, IQ, or socioeconomic status. All participants came from a range of socioeconomic environments (middle to upper socioeconomic strata).

The clinical assessment portion of the study was undertaken at the Healthy Childhood Brain Development Developmental Traumatology Research Program and included interviews of both adolescents and their legal guardians using the Schedule for Affective Disorders and Schizophrenia for School Aged Children Present and Lifetime Version (KSADS-PL), which includes a comprehensive post-traumatic stress disorder interview (Kaufman et al., [@B25]). This semi-structured interview was administered to caregivers and adolescents. We also used archival records as additional sources of information. The KSADS-PL was modified to include additional information about: (1) life events, including traumatic events from the Child and Adolescent Psychiatric Assessment (Angold et al., [@B2]); and (2) disorders not present in the KSADS-PL. Modifications also included: (3) an added structured scale to quantify symptom frequency with a minimum score of 0 = no history of a symptom and maximum score of 10 = symptoms present several times a day; and (4) algorithms to determine Axis I psychiatric disorders based on DSM-IV criteria. Disorders were assigned a severity score of mild, moderate, or severe. This modified version is available upon request. Interviewers were individually trained to obtain over 90% agreement for the presence of any lifetime major Axis I disorder with a board certified child and adolescent psychiatrist and experienced child trauma interviewer (MDDB). Discrepancies were resolved by reviewing archival information (e.g., school records, birth, and pediatric medical records) or by re-interviewing the child or caregiver. If diagnostic disagreements were not resolved with this method, consensus diagnoses were reached among a child psychiatrist (MDDB) and child psychologist (SRH). Subjects also underwent extensive neuropsychological testing to verify that they were age-typical. This included a two-subtest short-form of the Wechsler Intelligence Scale for Children-III (WISC-III; Wechsler, [@B47]) comprised of Vocabulary and Block Design, to generate an IQ score. Mean IQ was 113.1 ± 11.0 (IQ range 90--132). Adolescents also received saliva and urine toxicology screens to confirm the absence of alcohol, tobacco, or other drug use on the day of interview and imaging data collection. Participants with an Axis I diagnosis, who were not age-typical on neuropsychological testing or had a positive alcohol or drug screen, were excluded.

Exclusion criteria for subjects were: (1) current or lifetime history of DSM-IV Axis I psychiatric disorders including alcohol and substance use disorders, (2) significant medical, neurological, or psychiatric disorder, (3) history of head injury or loss of consciousness, (4) pregnancy, (5) history of prenatal or birth confounds that could have influenced brain maturation such as significant prenatal exposure to substances, severe birth complications, or birth weight under 5 lb or severe postnatal compromise with neonatal intensive care unit (NICU) stay; (6) morbid obesity or growth failure, (7) full scale IQ lower than 90, (8) history of trauma or child maltreatment, or (9) contraindications to safe participation in MRI research. The Institutional Review Board of the Duke University Medical Center approved this study.

Experimental design
-------------------

We used an experimental paradigm, the Decision--Reward Uncertainty task, that we have used previously to examine neural correlates of risky decision making in young-adult participants (Huettel, [@B23]). Critically, the task was designed to temporally isolate three phases of decision making: (1) choice selection, (2) action execution, and (3) outcome or reward evaluation (Ernst and Paulus, [@B16]; Rangel et al., [@B39]). Our analyses focus on the initial choice selection and outcome evaluation phases of decision making.

In this task, we manipulated two types of risk: Reward risk and behavioral risk. In reward risk trials, the action required to earn a reward was known to the participant, but the outcome of each trial was probabilistic: if the correct button was pressed, there was a 50% probability of a reward. In behavioral risk trials, the participant chose between two possible button presses, one of which (randomly determined) guaranteed a reward on that trial. Note that the behavioral risk and reward risk conditions were matched on probability and expected value, in that each contained a 50% chance of receiving a constant-size reward. The only difference between these conditions was in whether the participant knew the correct action (reward risk) or not (behavioral risk). We also included a no risk condition as a control. In the no risk condition, the action required to earn a reward was known and the likelihood of earning a reward was certain.

Each condition was represented by a visual cue (square, star, circle, trapezoid, or triangle) and mapped directly to a response \[left (second digit) or right (third digit) button press with right hand; see Figure [1](#F1){ref-type="fig"}A\]. No risk cues (left button press on right hand for a star, or right button press on right hand for a square) signaled that the known behavioral response would be rewarded with 100% certainty. Reward risk cues (right button press for a trapezoid, or left button press for a circle) signaled that the known behavioral response would be rewarded with 50% probability. However, the behavioral risk cue (a triangle) signaled that the behavioral response was unknown; on each trial, either one of the two possible responses would be guaranteed a reward while the other would not. Each trial (Figure [1](#F1){ref-type="fig"}B) began with a shape cue for 250 ms in the center of the screen that indicated the trial type. After a 3-s delay, participants were prompted (i.e., "?") for 1 s to indicate their choice with a left or right button press with the second or third finger on their right hand. After a jittered delay (1, 3, 5, or 7 s) where the fixation cross was presented, the trial outcome (reward: "\$" for no risk, and "\$\$" for behavioral risk or reward risk, or no reward: "×") was presented for 1 s, and an updated tally of cumulative earnings was displayed in the lower portion of the screen. A fixation cross was displayed in the center of the screen during a jittered inter-trial interval (2, 4, 6, or 8 s). Participants completed 150 trials on average, split evenly among six 6-min runs. As a developmental adaptation for the younger adolescents, the duration of each run was reduced to six 6-min runs for the adolescent group from the 10 min used in the young-adult group (Huettel, [@B23]). This adaptation greatly improved adolescent cooperation with the task. Optimal performance could yield up to an additional \$25 (e.g., \$0.15 per correct response; for one dollar sign; \$0.30 for two dollar signs) above the regular compensation for participation. Participants were trained on the task's cue--response contingencies in a prior behavioral testing session before scanning. To minimize practice or learning effects, all subjects practice the task until they showed that they had mastered the rules of the Decision--Reward Uncertainty task.

The experiment was programmed in MATLAB (MathWorks[^1^](#fn1){ref-type="fn"}) using the Psychophysics Toolbox (Brainard, [@B7]). Stimuli were displayed on goggles at a video resolution of 800 × 600 pixels and an apparent field of view of approximately 20°. Responses were collected on a four-button box, where only the first two buttons were used.

Image acquisition
-----------------

The fMRI data for our adolescent participants were acquired using a 3.0-T General Electric (Waukesha, WI, USA) scanner. Whole-brain images sensitive to blood-oxygenation-level-dependent (BOLD) contrast were acquired using a high-throughput $\text{T}_{2}^{*}$ -weighted spiral-in pulse sequence (TR = 2 s, TE = 28 ms, flip angle = 90°, 34 slices, voxel size: 3.75 mm × 3.75 mm × 3.8 mm). Data were acquired in a series of six sessions, each comprising 180 volumes. We additionally acquired whole-brain high-resolution images using a T~1~-weighted 3D spoiled gradient-recalled sequence to aid in normalization and registration of the functional images.

fMRI data analysis
------------------

Functional images were analyzed using fMRI Expert Analysis Tool (version 5.98, Analysis Group, FMRIB, Oxford, UK). These images were corrected for slice acquisition time (interleaved ascending), corrected for motion with MCFLIRT, normalized into the standard Montreal Neurological Institute stereotaxic space (MNI, Montreal, QC, Canada), and subjected to a high-pass filter (pass frequency \> 1/100 Hz). FSL's Brain Extraction Tool (BET) was used to exclude non-brain voxels from our analyses. Four volumes from the start of each session were discarded to allow image intensity to stabilize. First-level (i.e., within-run) regression analyses included three regressors time-locked to the onset of the decision phase, defined as first second from the onset of the stimulus, of each trial type (behavioral risk, reward risk, and no risk), one nuisance regressor for all responses, and one nuisance regressor for missed responses. Second-level analyses collapsed across runs, within each subject, using a fixed-effects model. Across-subjects comparisons used a random-effects model that included an additional regressor for between-group comparisons. All reported results, including figures and tables, show activation that survived a whole-brain cluster family wise error (FWE) correction with a voxelwise *z*-statistic threshold of 2.3 (*p* ≤ 0.01).

To examine the relationship between maturation and brain region of interests (ROI), we used mean ROI BOLD activity of brain regions which showed significant differences in our third level analyses and correlated these with age using parametric statistics (Pearson's correlations) and jmp 9.0.2[^2^](#fn2){ref-type="fn"} (2010 SAS Institute Inc). Before Pearson's correlations were applied, data was tested for fit to the normal distribution using the Goodness of Fit Test (i.e., Shapiro--Wilk *W* Test) in jmp.

Results
=======

Behavioral analysis
-------------------

Only correct responses performed within a 1-s window after the response prompt (e.g., "?") was displayed were included in the analyses. Mean response times were analyzed by condition: no risk (Mean = 0.448, SD = 0.082 s), reward risk (Mean = 0.453, SD = 0.082 s), and behavioral risk (Mean = 0.451, SD = 0.091 s). Response times were submitted to a repeated measures analysis of variance and showed no main effect of condition, *F*(2, 29) = 0.373, *p* = 0.692.

Regions activated by behavioral risk in adolescents
---------------------------------------------------

To identify the brain regions that support decision making under behavioral risk, we contrasted activation associated with decisions in the behavioral risk (i.e., choice selection) condition with the mean activation associated with decisions in the no risk and reward risk conditions. In our adolescent sample this contrast elicited significant activations in brain regions typically implicated in risky decision making: anterior cingulate, medial frontal gyrus, bilateral frontal poles and inferior parietal lobe, precuneus, bilateral superior-middle frontal gyrus, inferior frontal gyrus (IFG), and insula (Figure, [2](#F2){ref-type="fig"}; Table [1](#T1){ref-type="table"} reports the peak voxels present using the *z*-statistic threshold of 2.3). Within these significant cluster of regions also included the dorsal lateral prefrontal cortex, anterior insula, and lateral parietal regions. This pattern of activation replicates the key results from the adult sample described by Huettel ([@B23], indicating that adolescents activated the same decision-making network as adults during decisions involving behavioral risk. Mean percent signal change (SE) associated with the no risk (NR), reward risk (RR), and behavioral risk (BR) conditions are shown in Figure [3](#F3){ref-type="fig"}. Signal was extracted from two regions of interest: (Figure [3](#F3){ref-type="fig"}A) anterior cingulate and (Figure [3](#F3){ref-type="fig"}B) frontal pole.

![**Whole-brain analysis of decisions involving behavioral risk (BR) greater than reward risk (RR) and no risk (NR) conditions in adolescents**. Behavioral risk elicited patterned activation in the insula, frontal poles (FP) and middle frontal gyrus, anterior cingulate (aCC), superior frontal gyrus, medial prefrontal cortex, precuneus (pCun), and Inferior Parietal Lobule. Within these significant cluster of regions also included the dorsolateral prefrontal cortex (dlPFC), anterior insula (alns), and lateral parietal regions (LPar).](fpsyt-02-00068-g002){#F2}

###### 

**Cluster and subcluster activations for the decision phase: behavioral risk \> (no risk + reward risk)**.

  Brain regions                                  Hemisphere   Voxel size (mm^3^)   *Z*    MNI         
  ---------------------------------------------- ------------ -------------------- ------ ----- ----- -----
  **Anterior cingulate, medial frontal gyrus**   R            8430                 6.48   4     30    36
  Cingulate gyrus                                L                                 6.23   −4    18    44
  Middle frontal gyrus                           R                                 5.14   30    6     60
  Middle frontal gyrus, frontal poles            L                                 5.09   −42   28    32
  Middle frontal gyrus, frontal poles            L                                 5.01   −44   26    26
  Middle frontal gyrus                           R                                 4.86   30    10    58
  **Inferior parietal lobe**                     L            2020                 5.41   −44   −64   44
  Inferior parietal lobule                       L                                 5.12   −46   −42   50
  Inferior parietal lobule                       L                                 5.07   −38   −58   46
  Inferior parietal lobule                       L                                 5.02   −46   −44   54
  Inferior parietal lobule                       L                                 5.01   −38   −60   54
  Inferior parietal lobule                       L                                 4.97   −36   −50   46
  **Inferior parietal lobule**                   R            1990                 5.12   50    −56   46
  Inferior parietal lobule                       R                                 5.05   46    −50   54
  Inferior parietal lobule                       R                                 4.82   44    −54   48
  Inferior parietal lobule                       R                                 4.7    44    −60   44
  Inferior parietal lobule                       R                                 4.68   42    −48   46
  Inferior parietal lobule                       R                                 3.79   42    −38   44
  **Precuneus**                                  L            1648                 4.78   −10   −68   38
  Precuneus                                      R                                 4.75   2     −64   48
  Precuneus                                      L                                 4.7    −2    −62   48
  Precuneus                                      L                                 4.57   −8    −64   46
  Precuneus                                      R                                 3.47   14    −64   58
  **Superior to middle frontal gyrus**           L            624                  3.67   −38   68    −4
  Middle frontal gyrus                           L                                 3.59   −32   64    6
  Middle frontal gyrus                           L                                 3.47   −38   60    0
  Middle frontal gyrus                           L                                 3.45   −42   62    −4
  Middle frontal gyrus                           L                                 3.42   −28   56    4
  Middle frontal gyrus                           L                                 3.4    −30   56    8
  **Insula**                                     L            587                  5.61   −32   18    2
  **Inferior frontal gyrus**                     L                                 5      −30   22    −2
  Inferior frontal gyrus                         R            515                  5.56   34    20    −4
  **Superior to middle frontal gyrus**           R            486                  3.44   30    62    −6
  Middle frontal gyrus                           R                                 3.37   34    64    10
  Superior frontal gyrus                         R                                 3.27   30    60    −2
  Superior frontal gyrus                         R                                 3.25   32    64    2
  Superior frontal gyrus                         R                                 3.15   28    58    4
  Middle frontal gyrus                           R                                 2.9    38    58    −10

*Shown for each cluster of significant activation (*Z* \> 2.3) are the coordinates (mm^3^ within standard Montreal Neurological Institute stereotaxic space (MNI) space) of the peak voxel within that cluster*.

*L, left, R, right*.

![**Mean percent signal change (SE) associated with the no risk (NR), reward risk (RR), and behavioral risk (BR) conditions**. Signal was extracted from two regions of interest: **(A)** anterior cingulate and **(B)** frontal pole.](fpsyt-02-00068-g003){#F3}

Regions activated by outcome evaluation
---------------------------------------

To distinguish the brain regions that responded to rewarding outcomes from those activated during decisions involving risk, we contrasted trials in both the reward risk and behavioral risk conditions that led to a rewarding outcome with those trials that led to no reward. When using *z*-statistic threshold = 2.3, this contrast elicited large clusters of significant activations in three brain regions; (1) the IFG, middle frontal gyrus, and its sublobar areas; (2) the cingulate gyrus; and (3) the middle occipital gyrus. These include subclusters typically implicated in decision and reward processing: Vstr, which includes the nucleus accumbens and caudate, and putamen, and additionally activated the global pallidus and IFG, middle frontal gyrus, posterior cingulate, and large regions in the visual cortex. Because the peak activations in these regions were so large, we manually identified the subcluster in the Vstr and global pallidus. This is shown in Figure [4](#F4){ref-type="fig"}A and Table [2](#T2){ref-type="table"}.

![**(A)** Whole-brain analysis of the outcome phase of the task for rewarded greater than unrewarded trials in the reward risk (RR) and behavioral risk (BR) conditions. Rewarded trials elicited greater activation in regions typically implicated in reward processing, such as the ventral striatum (Vstr), which includes the nucleus accumbens and caudate, and putamen, and additionally activated the global pallidus and inferior frontal gyrus (IFG). The nucleus accumbens was based on the standard ROI for the nucleus accumbens subcortical region as defined by the Harvard-Oxford atlas within FSL and is shown in green. **(B)** Mean percent signal change extracted from an anatomically defined ROI in the Vstr. Mean percent signal change (SE) is plotted for rewarded no risk (NR), reward risk (RR), and behavioral risk (BR) outcomes, as well as unrewarded reward risk and behavioral risk outcomes.](fpsyt-02-00068-g004){#F4}

###### 

**Peak activations for the outcome phase: peak activations for reward \> no reward**.

  Brain regions                                          Hemisphere   Voxel size (mm^3^)   *Z*        MNI                
  ------------------------------------------------------ ------------ -------------------- ---------- -------- --------- --------
  **Inferior/middle frontal gyrus/ventral striatum**     **R**        **1594**             **4.06**   **46**   **6**     **30**
  Inferior frontal                                       R                                 3.70       48       36        14
  Inferior frontal                                       R                                 3.63       50       4         24
  Inferior frontal                                       R                                 3.22       50       44        16
  Middle frontal                                         Middle                            3.18       0        −32       42
  Middle frontal                                         Middle                            3.18       0        −36       42
  Middle frontal                                         R                                 3.41       52       36        20
  **Ventral striatum[\*](#tfn1){ref-type="table-fn"}**                                                                   
  Caudate nucleus                                        L                                 2.97       −8       10        0
  Caudate nucleus                                        L                                 3.45       −12      12        2
  Caudate nucleus                                        R                                 3.08       9        17        −7
  Putamen                                                R                                 3.2        15       9         −8
  Putamen                                                L                                 2.85       −22      9         −3
  Global pallidus                                        R                                 3.23       24       8         −1
  Global pallidus                                        L                                 3.45       −24      9         −2
  Insula                                                 R                                 3.78       40       2         18
  **Cingulate gyrus**                                    **L**        **509**              **3.87**   **0**    **−36**   **34**
  Posterior cingulate                                    L                                 3.73       0        −32       30
  Posterior cingulate                                    R                                 3.47       8        −40       40
  Posterior cingulate                                    R                                 3.11       12       −38       30
  Precuneus                                              R                                 5.01       32       −68       36
  Precuneus                                              R                                 4.87       28       −66       40
  **Visual cortex/middle occipital gyrus**               **R**        **24993**            **5.07**   **32**   **−92**   **2**
  Inferior occipital gyrus                               R                                 5.05       24       −92       −4
  Inferior occipital gyrus                               R                                 4.84       −24      −94       −8
  Middle occipital gyrus                                 L                                 5.01       −52      −58       −8

*Shown is each cluster and subclusters of significant peak activations (Z \> 2.3). The coordinates (mm^3^) are within standard Montreal Neurological Institute stereotaxic space (MNI) of the peak voxel within that cluster*.

*L, left, R, right*.

*\*The peak regions of activation in the subclusters of the right and left ventral striatum and global pallidus were manually identified*.

To examine the evoked activation in response to reward, we extracted the mean percent signal change in both rewarded and unrewarded conditions using an anatomically defined ROI in the Vstr which includes the nucleus accumbens (which was superimposed in green in Figure [4](#F4){ref-type="fig"}A). The nucleus accumbens was based on the standard ROI for the nucleus accumbens subcortical region as defined by the Harvard-Oxford atlas within FSL and is shown in green. Mean percent signal change in response to rewarded and unrewarded outcomes were calculated for each level of risk (Figure [4](#F4){ref-type="fig"}B).

Correlations of regions of interest with age
--------------------------------------------

During the behavioral risk condition regardless of reward outcome, overall mean frontal pole BOLD activity showed a positive Pearson's correlation with age (*F* = 11.4, df = 29, *p* = 0.002). See Figure [5](#F5){ref-type="fig"}A. Reward risk similarly showed a positive Pearson's correlation with age (*F* = 4.7, df = 29, *p* \< 0.04). See Figure [5](#F5){ref-type="fig"}B. These correlations suggest developmental differences during different types of decision making in the frontal pole with increasing age. We did not see significant correlations between age and mean anterior cingulate or mean Vstr BOLD activity with age.

![**(A)** During the behavioral risk condition, regardless of reward outcome, overall mean frontal pole BOLD activity showed a positive Pearson's correlation with age (*F* = 11.4, df = 29, *p* = 0.002). **(B)** During the Reward risk condition, regardless of reward outcome overall mean frontal pole BOLD activity showed a positive Pearson's correlation with age (*F* = 4.7, df = 29, *p* \< 0.04). These correlations suggest developmental differences, during two different types of decision making, in the frontal pole with increasing age.](fpsyt-02-00068-g005){#F5}

Discussion
==========

We investigated functional brain activity in high functioning healthy adolescents while they performed the experimental Decision--Reward Uncertainty task (Huettel, [@B23]). We had two primary goals: to evaluate whether adolescents recruited the same decision-making network as young adults, and to examine whether the form of risk modulated these networks. Our goal was also to examine reward circuits and their regions of interest using the same simple task. Furthermore, we wanted to examine the association with executive control and reward circuits regions of interest with maturation measures (e.g., age). Our analyses focused on the decision making or choice selection and outcome evaluation phases of decisions that involved behavioral risk (i.e., decision making under uncertainty). Decision making during the task elicited activation in executive-control regions typically implicated in studies of adult decision making: frontal poles, anterior cingulate, superior, middle and medial prefrontal gyrus, precuneus, inferior parietal cortex, and insula (Huettel, [@B23]). Behavioral risk trials, however, evoked greater activation than the other conditions in the anterior cingulate, dorsal lateral prefrontal cortex, frontal gyrus, frontal poles, inferior parietal lobe, precuneus, and anterior insula. Our results were similar to those of young adults using the same task (Huettel, [@B23]) except that adolescents did not show significant activation in the posterior supramarginal gyrus, a brain area involved in vocabulary and declarative memory (Lee et al., [@B31]), during behavioral risk. Our task does involve working memory (Huettel, [@B23]), a process that matures during adolescence. These findings show that choice selection during decisions involving behavioral risk elicits a network of brain regions including those that are involved in conflict monitoring (anterior cingulate; Kerns et al., [@B27]), visual attention (occipito-parietal cortex; Konrad et al., [@B29]), working memory and decision making (dorsolateral prefrontal cortex; Kwon et al., [@B30]; Huettel et al., [@B24]; Konrad et al., [@B29]), and interpreting the emotional significance and the intensity of stimuli (insula; for review see Ernst and Paulus, [@B16]).

In our results, reward versus no reward elicited significant activations in brain regions typically implicated in decision and reward processing (i.e., Vstr, inferior frontal, gyrus, anterior to middle cingulate, posterior cingulate, and visual cortex). Similar research findings were seen in studies of reward processing in primates (Apicella et al., [@B3]; Schultz et al., [@B42]; Roesch and Olson, [@B40]) and adults (O'Doherty et al., [@B36]; Delgado et al., [@B12]; Elliott et al., [@B14]). Reward response to the Decision--Reward Uncertainty task was similar to that seen in young adults using this task (Huettel, [@B23]). There are few imaging studies of reward processing during adolescence. Those investigations also implicate neurocircuitry similar to those reported during reward response to the Decision--Reward Uncertainty task here, in that differences in BOLD activity were seen in visual cortex, Vstr, and anterior to middle cingulate during reward processing in adolescents (Bjork et al., [@B4], [@B5]; May et al., [@B33]; Ernst and Paulus, [@B16]; Galvan et al., [@B19]; Eshel et al., [@B18]).

However, the reward response processing during adolescence is controversial, where some investigators believe the adolescent reward processing circuitry is hyporesponsive to rewards compared to those of adults (Spear, [@B45]), while others believe adolescents' reward circuits are hyperresponsive to rewards compared to adults (Chambers et al., [@B8]; Ernst et al., [@B17]). In a hypoactive reward processing system, brain areas that process rewards are not recruited as strongly as they are in adults. Our data did not provide support for this theory in that during the no risk condition, mean Vstr activity showed no positive correlation with age in carefully screened and comprehensively assessed healthy adolescents.

Decision making and reward processing in clinical populations is vastly understudied. Although speculative, a developmentally decreased sensitivity to executive function such as decision making under conditions of uncertainty may, in vulnerable adolescent populations, contribute to differences in reinforcement-related learning that lead to adolescent onset alcohol and substance use disorders (for review see Spear, [@B45]). For example, adult studies have also shown reduced activation in control and reward processes in abstinent cannabis users (Martin-Santos et al., [@B32]). Additionally, childhood adverse life events are associated with basal ganglia hyporesponse during fMRI evaluation of reward (Dillon et al., [@B13]; Mehta et al., [@B34]) which may further contribute to the known risk for adolescent onset alcohol and substance use disorders seen in victims of maltreatment (Anda et al., [@B1]; Kilpatrick et al., [@B28]). Preclinical studies suggest stress in young animals lowers dopamine D2 receptors in reward regions (Papp et al., [@B37]; Morgan et al., [@B35]), making animals and humans more vulnerable to addiction (De Bellis, [@B11]). One pediatric study, however, showed that while undergoing The Wheel of Fortune task, maltreated children with depression selected safe over risky options more frequently in the high-risk condition than did control children (i.e., they avoided selecting a large reward paired with a low chance of winning compared with maltreated children without depression and non-maltreated controls; Guyer et al., [@B22]). These limited data suggest that the effects of early familial adverse experiences or familial vulnerability on development of decision making and reward evaluation require further study as immaturity in executive decision making or reward systems may lead to substance use disorders and thus negatively influence the quality of care an addicted parent is able to provide.

Adolescence is a period during which the constituents of cognition develop to enable adaptive goal-directed behavior (for review see Ernst and Mueller, [@B15]). However, the emotional intensity also associated with adolescence influences the response to rewards that may contribute to increased risk-taking behaviors. Another model of adolescent reward processing suggests that adolescents demonstrate a heightened sensitivity to rewards and over active reward system. This "triadic model" proposes three behavioral control systems (approach, avoidance, and supervisory control systems) that differ between adolescents and adults (for review see Ernst et al., [@B17]). In other words, normative maturational increases in dopamine neurotransmitter activity in the fronto-striatal "motivational" system coupled with relatively lower levels of inhibitory (e.g., serotoninergic) mechanisms in prefrontal systems contribute to increased reward sensitivity in adolescents (Chambers et al., [@B8]) and the known increases in normative adolescent risk behaviors (Dahl, [@B10]; Kelley et al., [@B26]). Thus the hyper-responsivity reward processing theory suggests that an overactive Vstr is unchecked by immature prefrontal inhibitory mechanisms. In our study, the behavioral and reward risk conditions regardless of reward outcome, showed a positive correlation with age and overall mean frontal pole activity. During the reward risk condition, mean frontal pole activity also showed a positive correlations with age. Our data suggest that the prefrontal system is immature at younger ages regardless of type of risk (behavioral or reward risk) and provide no direct support for the hyper-responsivity reward processing theory. However, immaturity of prefrontal executive supervisory control systems alone may account for dysregulation of reward processing during adolescence. Its activity matures from childhood to adulthood in parallel with increased capacity for adults to make healthy mature decisions (Eshel et al., [@B18]).

The relationship between reduced frontal pole activation and younger age during both the behavioral and reward risk conditions may mean that less reinforced risky rewards signal the availability of reinforcement in adolescents. As greater reward was associated with greater risk in this task, a developmentally immature and less active executive system could push adolescents toward greater risk taking. Such an interpretation is consistent with findings from Bjork et al. ([@B4]) which showed adolescents have diminished striatal activation when they are *anticipating* responding for gains, but not upon receipt of reward. Thus, adolescents may experience more risky uncertain intermittent reinforcers as more rewarding compared to adults. The more salient the reward, the more likely a prefrontal dopaminergic response will occur that is sufficient to facilitate the formation of a conditioned association. Hence immaturity in executive-control neuro-maturational systems may put an adolescent at increased risk for substance use disorders and other types of risk-taking behaviors such as suicide attempts (Shaffer and Hicks, [@B43]; Costello et al., [@B9]). The data reported here are more consistent with the theory of Geier and Luna ([@B20]), which states that adolescent risk taking may be best understood as an imbalance between inhibitory control, working memory, and reward systems that is biased toward short term goals (Geier and Luna, [@B20]). However, while our data do suggest increased activity of the frontal pole with age during decision making, these data do not suggest any association with age and Vstr during reward evaluation.

Our data have several limitations. We studied only very healthy high functioning adolescents. Therefore, our results may not be generalizable to population-based samples. Due to our sample size, we were unable to examine for gender differences. Additionally we did not study adults using the same task parameters so we were unable to directly compare healthy adolescent responses to behavioral risk with those of adults. However, although, we did not do physical examinations for pubertal stage, we were able to associate a proxy measure of maturity (i.e., age) with a decision-making brain ROI.

While our results came from a healthy high functioning non-maltreated sample of adolescents, they point to the power of using a simple task (i.e., Decision--Reward Uncertainty task) for addressing types of risks and reward processing in children and adolescents with predisposing vulnerabilities. Given that the ability to evaluate risk and reward is a maturational process, it is important to examine the effects of early life stressors on these abilities. Conditions associated with maladaptive decision making and reward evaluation (e.g., substance use disorder) come to the fore during adolescence. A better understanding of the developmental progression of decision and reward networks will lead to more refined targets both for future research and for interventions.

Conclusion
==========

We investigated functional brain activity in high functioning healthy adolescents while they performed the experimental Decision--Reward Uncertainty task (Huettel, [@B23]). Our analyses focused on the decision making or choice selection and outcome evaluation phases of decisions that involved behavioral risk (i.e., decision making under uncertainty). Behavioral risk trials evoked greater activation than the reward risk and no risk conditions in the anterior cingulate, medial frontal gyrus, dorsal lateral prefrontal cortex, bilateral frontal poles and inferior parietal lobes, precuneus, bilateral superior-middle frontal gyrus, IFG, and anterior insula. Our results were similar to those of young adults using the same task during behavioral risk (Huettel, [@B23]). During the behavioral and reward risk conditions regardless of reward outcome, overall mean frontal pole activity showed a positive correlation with age during the behavioral and reward risk conditions suggesting a developmental immaturity of this ROI. Additionally, reward response to the Decision--Reward Uncertainty task in adolescents was similar to that seen in young adults (Huettel, [@B23]). While our results came from a healthy high functioning non-maltreated sample of adolescents, this method (i.e., Decision--Reward Uncertainty task) can be used to address types of risks and reward processing in children and adolescents with predisposing vulnerabilities and add to the paucity of imaging studies of risk and reward processing during adolescence.
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